The catalytic subunit (α) of mitochondrial DNA polymerase (pol γ) shares conserved DNA polymerase and 3-5 exonuclease active site motifs with E. coli DNA polymerase I and bacteriophage T7 DNA polymerase. A major difference between the prokaryotic and mitochondrial proteins is the size and sequence of the region between the exonuclease and DNA polymerase domains, referred as the spacer in pol γ-α. Four γ-specific conserved sequence elements are located within the spacer region of the catalytic subunit in eukaryotic species from yeast to man. To elucidate the functional roles of the spacer region, we pursued deletion and site-directed mutagenesis of Drosophila pol γ. Mutant proteins were expressed from baculovirus constructs in insect cells, purified to near-homogeneity and analyzed biochemically. We find that mutations in three of the four conserved sequence elements within the spacer alter enzyme activity, processivity and/ or DNA binding affinity. In addition, several mutations affect differentially DNA polymerase and exonuclease activity, and/ or functional interactions with mitochondrial single-stranded DNA-binding protein. Based on these results and crystallographic evidence showing that the template-primer binds in a cleft between the exonuclease and DNA polymerase domains in family A DNA polymerases, we propose that conserved sequences within the spacer of pol γ may position the substrate with respect to the enzyme catalytic domains.
INTRODUCTION
The mitochondrion is the eukaryotic organelle that carries out oxidative phosphorylation, fulfilling cellular requirements for energy production. Disruption of mitochondrial energy metabolism can occur by genetic or biochemical mechanisms, and is associated with human disorders including degenerative diseases, cancer and aging (1) . Mutations in both the mitochondrial genome and in nuclear genes whose products have mitochondrial functions are linked to mitochondrial disease syndromes. Nuclear genes include those encoding the adenine nucleotide translocator 1 (ANT1; (2)), thymidine phosphorylase (3), mitochondrial DNA helicase (Twinkle; (4) ) and the catalytic subunit of mitochondrial DNA polymerase (pol 1 γ; (5)).
Pol γ has also been shown to be a target of oxidative damage, which reduces DNA polymerase activity in the mitochondrial matrix (6) .
Pol γ is the only DNA polymerase known to be required for mitochondrial DNA (mtDNA) replication in animals (7) . It is a member of the family A DNA polymerase group (8, 9) , of which E.coli pol I is the prototype (10) . The crystal structures of numerous family A DNA polymerases have been solved, revealing a high degree of structural similarity among its members (11) (12) (13) (14) (15) (16) (17) . The interaction between DNA polymerase and template-primer DNA has also been revealed in molecular detail by structural determination of pol: DNA co-crystals, and in biochemical studies. The polymerase (pol) domain comprises palm, fingers and thumb subdomains that are separated from the 3'-5' exonuclease (exo) domain by a cleft that binds the template-primer. Whereas the template strand lies along the cleft between the two domains, the 3'-end of the primer (or nascent DNA strand) shuttles between them during proofreading DNA synthesis (18, 19) .
Drosophila pol γ is a heterodimeric protein comprising catalytic and accessory subunits (20, 21) . The catalytic subunit contains the DNA polymerase and 3'-5' exonuclease activities (22) , and the accessory subunit contributes to both the structural integrity and catalytic efficiency of the holoenzyme (21, 23) . Mitochondrial DNA polymerases have a conserved interdomain region, that we have termed the spacer region (7) , that is not conserved in E. coli pol I or other members of the family A group such as bacteriophage T7 DNA polymerase. The spacer region, which includes four γ-specific conserved sequence elements, is found in pol γs from yeast to man ( Figure 1 ). Although the specific function of the conserved spacer sequences is not known, a missense mutation in the spacer region of Drosophila pol γ-α causes mitochondrial and nervous system dysfunction, and developmental lethality in the larval third instar (24) . Furthermore, hereditary progressive external ophthalmoplegia (PEO) is associated with mutations in human pol γ-α, some of which map to the spacer region (5, 25, 26) .
Here we examine the consequences of site-directed mutagenesis of conserved amino acid sequences in the spacer region of Drosophila pol γ-α. Mutant holoenzymes were expressed from baculovirus constructs in insect cells, purified to near-homogeneity and characterized "^" indicates the position of deleted nucleotide residues, bold letters indicate nucleotides that replace those in the wild-type pol γ-α as indicated in parentheses with lower case letters.
Restriction endonuclease cleavage sites that are either introduced or removed are indicated by underscore.
The DNA template was first denatured at 95°C for 45 sec, followed by 20-25 three-step cycles of 95°C for 45 sec, 50°C for 45 sec, and 68°C for 2 min per kbp DNA template. The reaction mixture was then digested with 10 units of DpnI for 2 h at 37°C to eliminate the methylated parental DNA template. A 2 µl aliquot was used for transformation of competent E. coli XL-1 Blue cells by electroporation using an E. coli Pulser (BioRad). Plasmid DNAs extracted from transformed cells were screened by restriction endonuclease digestion for the introduced/ removed cleavage sites provided in each primer pair. DNA sequence analysis of the various plasmid constructs was performed to confirm their structure and sequence integrity.
Transfer vectors encoding mutant pol γ-α and wild-type pol γ-β were purified, and baculoviruses prepared as described by Wang and Kaguni (23) . extracts from 500 ml cultures of Sf9 cells (~ 5 x 10 8 ) coinfected with mutant pol γ-α and wildtype pol γ-β recombinant baculoviruses were prepared, and recombinant pol γ was purified by phosphocellulose chromatography, ammonium sulfate fractionation, Ni-NTA agarose affinity chromatography, and glycerol gradient sedimentation as described by Farr and Kaguni (30) .
Purification of Recombinant
DNA Polymerase Assay-DNA polymerase activity was assayed on DNase I-activated calf thymus DNA, poly(rA).p(dT), and singly primed M13 DNA as described by Wernette and Kaguni (20) and Farr et al. (29) , respectively. Specific modifications are indicated in the figure legends. One unit of standard activity is that amount that catalyzes the incorporation of 1 nmol deoxyribonucleoside triphosphate into acid insoluble material in 60 min at 30°C using DNase Iactivated calf thymus DNA as the substrate. After electrophoresis, the gel was dried under vacuum, and exposed to a Phosphor Screen. The data were analyzed using the ImageQuant version 5.2a software as above. To examine the role of the four conserved sequence elements, γ1-γ4, in the spacer region of the catalytic subunit of Drosophila DNA polymerase γ, we began by producing recombinant proteins carrying amino acid deletions in each of the conserved elements ( Figure 1 ). Mutant pol γ-α variants were co-expressed with wild-type pol γ-β in the baculovirus system, and the reconstituted holoenzymes were purified by phosphocellulose chromatography. Proteins were characterized by immunoblot analysis, and DNA polymerase activity was assayed on DNase Iactivated calf thymus DNA and on poly(rA)⋅oligo(dT) (Figure 2 ). Pol γ-α∆413-470 (∆γ1) and pol γ-α∆666-742 (∆γ4) were obtained in small amounts due to low solubility, and these mutants had barely detectable DNA polymerase activity. In contrast, pol γ-α∆483-533 (∆γ2) and pol γ-α∆536-581 (∆γ3) were expressed efficiently and were purified as soluble holoenzyme complexes associated with wild-type pol γ-β. The DNA polymerase activity of the ∆γ3 holoenzyme was reduced greatly as compared to wild type, but that of ∆γ2 was >80% of wild-type holoenzyme.
Analysis of Products of
Both biochemical and structural studies of family A DNA polymerases support the possibility that amino acid residues required for enzyme function lie outside the catalytic active site regions (19, (33) (34) (35) (36) . Because structural information on pol γ-α is very limited, a secondary structure prediction algorithm (PredictProtein) was used to identify the positions of potential α- helices and β-strands in the spacer region, and this information was taken into consideration in the generation of triple and nested single alanine mutations, that were introduced as substitutions for highly conserved residues in the γ1, γ3, and γ4 elements (Figure 1) . Mutant proteins were co-expressed with wild-type pol γ-β in the baculovirus system, and the reconstituted holoenzymes were purified to near homogeneity by phosphocellulose chromatography, followed by Ni-NTA affinity chromatography and velocity gradient sedimentation. Proteins were characterized by SDS-PAGE, DNA polymerase activity was assayed on DNase I-activated calf thymus DNA, and specific activities were determined ( Figure 3) . The P556A/K557A/L558A (PKL) and G575A/W576A/F578A (GWF) mutations in γ3 and the S719A/Y720A/W721A (SYW) mutation in γ4 reduced DNA polymerase activity as much as 100 fold. In contrast, the Y419A/E420A/D421A (YED) mutation in γ1 and the K687A/D688A/F689A (KDF) mutation in γ4 resulted in DNA polymerase activities that were 60-80% of wild-type pol γ. Single alanine substitutions within the PKL and GWF triplets showed that the W576A mutant was nearly inactive, whereas the L558A and F578A mutants retained ~50% of wild-type DNA polymerase activity, and the P556A, K557A and G575A mutants had nearly normal activity. In composite, our deletion and amino acid substitution mutagenesis data indicate that amino acids important for DNA polymerase activity are distributed over a large portion of the pol γ-α spacer region.
Spacer-region mutants with reduced processivity
Standard gap-filling assays revealed that mutations in the pol γ-α spacer region have 16 by guest on http://www.jbc.org/ Downloaded from differential effects on DNA polymerase specific activity. To examine the products of DNA synthesis by the mutant proteins in more detail, we assessed the relative processivity of the mutant polymerases. The processivity assay is carried out with excess oligonucleotide-primed M13 DNA under conditions that limit the initiation-dissociation cycle to one per holoenzyme molecule, and DNA product strand length is measured by denaturing gel electrophoresis.
Mutants with very weak DNA polymerase activity on gapped DNA could not be evaluated in this assay. Among the mutants with measurable activity, pol γ-α L558A, F578A, YED and KDF exhibited ~60% of wild-type processivity, whereas that of mutants P556A, K557A, G575A and ∆γ2 was nearly equal to that of wild-type holoenzyme (Figure 4 ).
Spacer-region mutants with altered pol/exo activity ratios
DNA polymerase and 3-5 exonuclease activities were measured on oligonucleotideprimed M13 DNA in the presence or absence of a 3'-terminal mispair, respectively. The ratio of polymerase to exonuclease activity was compared for wild-type and mutant pol γ holoenzymes ( Figure 5 ). Most of the mutant pol γs exhibited a lower pol/exo ratio than wild-type holoenzyme, suggesting that mutations in the spacer region have a larger negative impact on DNA polymerase activity than on 3'-5' exonuclease activity. For example, the YED, PKL, L558A, GWF, W576A, F578A and KDF mutants demonstrated strong or moderate reduction of DNA polymerase activity and/ or processivity, but they retained a nearly wild-type level of 3'-5' exonuclease activity. The ∆γ2, P556A, K557A and G575A mutants demonstrated little or no reduction in either DNA polymerase or 3'-5' exonuclease activity. However, the SYW mutant within γ4 retains barely-detectable DNA polymerase activity (<1%), yet exhibits a 3-fold higher level of 3'-5' exonuclease activity than wild-type holoenzyme.
Spacer-region mutants with reduced DNA binding affinity
The effect of spacer-region mutations on template-primer DNA binding was examined by gel mobility shift assay in comparison with wild-type pol γ. We find that DNA polymerase activity generally correlates with DNA binding activity ( Figure 6 ). The ∆γ2, P556A, K557A and G575A mutant holoenzymes have nearly wild type DNA polymerase and DNA binding activity.
Mutants PKL, GWF and W576A with very low DNA polymerase activity showed no detectable DNA binding activity. However, among the mutants with substantial DNA polymerase activity, L558A and F578A showed significantly lower relative DNA binding activity, whereas YED and KDF showed little apparent reduction in DNA binding as compared to wild-type pol γ.
Interestingly, although the SYW mutant shows a 3-fold higher 3'-5' exonuclease activity than wild-type holoenzyme, it exhibits a relatively low DNA binding activity.
Defects in functional interactions between spacer-region mutants and mtSSB
Mitochondrial single-stranded DNA-binding protein stimulates initiation and elongation of DNA strands by wild-type pol γ, and increases pol γ processivity (29, 37) . sequence element was identified, whereas the γ1 and γ4 elements were also found to contribute to pol function. One interesting mutant in the γ4 element was found to affect differentially pol versus exo function, exhibiting a significantly increased exo activity.
In initial efforts to express and purify pol γ-α variants, it was evident that deletion mutants ∆γ1 and ∆γ4 had limited solubility when overexpressed in insect cells. In contrast, the remaining pol γ-α mutants in each of the four conserved elements were expressed efficiently and were reconstituted readily into pol γ holoenzyme complexes, including the 51 amino acid deletion mutant ∆γ2. Thus it appears that the γ1 and γ4 elements may either contribute some of the multiple sequence contacts that we have shown previously are involved in subunit interactions in the Drosophila pol γ holoenzyme (38), or they contain structural motifs that are important for the folding and/ or the conformational stability of the catalytic subunit. Notably, the YED and KDF triple-alanine substitutions in the γ1 and γ4 elements, respectively, show reduced processivity while they retain normal pol and exo function, and exhibit normal levels of stimulation by mtSSB. One possible explanation might be that these mutants have altered interactions between the catalytic and accessory subunits, such that the enhanced processivity contributed by the accessory subunit is diminished.
pol γ-α mutants L558A and F578A within the conserved γ3 sequence element also show reduced processivity on a single-stranded DNA substrate. We would suggest that this derives from a different mechanism, because both these and the parent deletion mutant ∆γ3 retain strong subunit interactions that are comparable to wild-type pol γ. One interesting possibility is that the reduced processivity of the L558A and F578A mutants is related to defective interaction with mtSSB, a factor that increases strongly both the activity and processivity of wild-type DNA pol γ (37, 39) . Notably, the stimulation of DNA polymerase activity on M13 DNA by mtSSB is reduced 4-5 fold in the L558A and F578A mutant holoenzymes as compared to wild type (6-7 versus 30 fold stimulation).
In general, mutations in the pol γ spacer region that lowered significantly DNA polymerase activity also lowered DNA binding activity. However, the loss of DNA binding activity occurred without significant loss of exonuclease activity. Biochemical studies suggest that 5-8 base pairs of duplex DNA are covered by E. coli Klenow fragment when the primer terminus is in the pol active site (33) . In the co-crystal structure of an editing complex, the 3'-terminus is bound in the exo active site, whereas the duplex portion of the template-primer occupies the cleft between exo and pol domains similar to binding in the pol mode (18, 40) .
Importantly, the extent of single-stranded DNA binding in the 3'-5' exo active site dictates that three or four base pairs of the duplex DNA must be melted before binding occurs (41, 42) . A recent study demonstrates that a duplex DNA substrate binds much more tightly to the pol versus exo active site, and the presence of mismatched base pairs increases the binding of DNA to the exonuclease site (43) . Though we show that our polymerase-defective mutants PKL, GWF, and W576A bind the duplex oligonucleotide substrate poorly, binding to the mismatched DNA substrate is clearly sufficient for these holoenzymes to hydrolyze efficiently a 3'-terminal mispaired nucleotide. The earlier study showed that the tip of the thumb subdomain in Klenow is important for template-primer DNA binding and enzyme processivity (33) ; side chain changes in the thumb also affect the fractional occupancies of template-primer into the two active sites (44) . Likewise, amino acid substitutions in the spacer region of the catalytic subunit of pol γ may increase the partitioning of the 3'-terminus to the 3-5 exonuclease active site. In particular, the SYW mutant lies within the γ4 conserved sequence element that maps immediately adjacent to the pol A active site motif, a position comparable to the thumb subdomain of Klenow. The SYW holoenzyme retains only ~1% of DNA synthetic activity and 30% residual DNA binding activity, yet its exonuclease activity is reproducibly 3-fold higher than that of wild-type pol γ.
Given the relevance of mitochondrial mutagenesis to aging (7, 45) , it will be of substantial interest to evaluate the fidelity of single-substitution variants within the γ4 element that retain higher DNA polymerase activity, as potential anti-mutator enzymes. Conserved γ-specific sequences are indicated by underscore, and are labeled γ1, γ2, γ3, and γ4. for holoenzyme assembly and activity. Deletion-mutant constructs were generated for each γ-specific element, spanning the following amino acid residues: ∆γ1, ∆413-470; ∆γ2, ∆483-533; ∆γ3, ∆536-581; and ∆γ4, ∆666-742. The mutant pol γ-α proteins were co-expressed with pol γ-β in the baculovirus system, and the reconstituted pol γ was purified by phosphocellulose chromatography as described in Methods. A, Proteins (25 µg Fraction IIb) were analyzed by 10% SDS-PAGE followed by immunoblotting with subunit-specific antisera against Dm pol γ-α and -β. DNA polymerase activity of wild type and mutant pol γ was measured on DNase Iactivated calf thymus DNA (B) and on poly (rA)⋅(dT) (C) and is presented in terms of specific activity. One unit of activity is that amount that catalyzes the incorporation of 1 nmol of deoxyribonucleoside triphosphate into acid-insoluble material in 60 min at 30°C. Figure 3 . Baculovirus reconstitution of spacer-region mutants of Drosophila pol γ. Conserved amino acid residues were selected for alanine substitution mutagenesis of pol γ-α based on the multiple sequence alignment and secondary structure prediction shown in Figure 1 . The mutant pol γ-α proteins were co-expressed with pol γ-β in the baculovirus system, and the reconstituted pol γ was purified to near-homogeneity by phosphocellulose chromatography and Ni-NTA affinity chromatography, followed by glycerol gradient sedimentation as described in Methods.
A, Proteins (100 ng) were analyzed by 10% SDS-PAGE followed by silver staining. Arrows A, 3-5 exonuclease activity of mutant pol γ was measured at 30mM KCl using oligonucleotideprimed M13 DNA containing a 3'-terminal mispair. DNA product strands were isolated, denatured and electrophoresed in an 18% denaturing polyacrylamide gel, and the gel was exposed to a Phosphor Screen. The positions of the 5'-end-labeled mispaired primer (15 nt) and the hydrolyzed product (14 nt) are indicated. B, Data derived from six independent experiments were quantitated as described in Methods. One unit of activity is that amount that catalyzes the hydrolysis of 1 nucleotide from the mispaired primer in 30 min at 30°C. DNA binding affinity of mutant pol γ was determined by electrophoretic gel mobility shift assay using a radiolabeled oligonucleotide template-primer as described in Methods. A, Protein-DNA complexes were electrophoresed in a 6% native polyacrylamide gel, and the gel was exposed to a Phosphor Screen. The first two lanes represent DNA substrate only and pol γ only controls, respectively, and the adjacent lanes contain both the DNA substrate and the indicated forms of 32 by guest on http://www.jbc.org/ Downloaded from pol γ. B, Bound and unbound DNA substrate bands were quantitated as described in Methods.
The data were derived from three independent experiments. 
